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INTRODUCTION 
There is a need in myriad manufacturing environments to nondestructively evaluate 
components and to control processes in real-time. Laser-based ultrasound [1,2], LBU, has 
the potential to be a robust, reconfigurable, noncontact diagnostic for many industrial 
applications. A simple and inexpensive semiconductor sensor based on the nonsteady-state 
photo-induced-electromotive force (photo-emf) effect [3,4], has been demonstrated [5] to 
be functional under a variety of manufacturing conditions and in probing various materials, 
including metals, semiconductors, and organics. This device has the potential to remotely 
sense ultrasound via speckle motion or coherent detection over a reasonable field-of-view, 
with good bandwidth and detection sensitivity. In addition, the detector can, at the same 
time, compensate for otherwise deleterious static and dynamic environmental distortions in 
real-time, including speckle, beam wander, poor-quality optics, and propagation distortions 
over free-space paths and through multi-mode optical fibers. Such inspection tools can 
improve the efficiency, yield and performance of various manufacturing processes, 
including bonds, surface treatments, case hardening, composites, metallurgy, microcrack 
detection, adhesion, remote temperature and thickness measurements. By performing the 
inspection on-line and in real-time, the possibility exists for closed-loop, in-process 
control. This can lead to reduced cost, labor, scrap, and machine downtime in today's 
highly competitive markets. 
We have demonstrated that this class of sensor has the potential for application to the 
real-time thickness gauging of metal workpieces moving at high speeds [5], detection of 
ultrasound through optically opaque SiC fibers embedded in polymer matrix composites 
(with the potential for remote sensing of the composite cure cycle) [6], and remote detection 
of voids in the epoxy underfill that bonds Si flip-chips to circuit boards [7]. Reference-
beam as well as time-delay interferometric configurations have been demonstrated using 
photo-emf sensors [5,8]. Being semiconductor-based, the photo-emf sensor has the 
potential to be configured into monolithic, multi-element modules for phased array 
processing and precision imaging of large areas in a single frame [9]. Key issues to the 
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implementation of such a sensor into the industrial arena relate to its performance 
capabilities, and the device and system cost, as benchmarked against existing laser-based 
techniques, as well as referenced against other NDE approaches. Present NDE techniques, 
such as liquid immersion, jet-spray approaches, air-coupled and direct transducer 
contacting may, however, be of limited use in many process-control applications, including 
those involving vacuums, high temperatures, plasmas, and workpieces with highly 
structured and complex surfaces. In this paper, we first briefly review the operation of the 
photo-emf detector, followed by a description of a calibrated experimental testbed 
apparatus, along with several measurements performed under simulated industrial 
conditions, including longitudinal whole-body motion and transverse speckle motion. 
These dynamic distortions can be viewed as out-of-plane and in-plane relative platform 
motion, respectively. The ability of the detector to sense ultrasound under these simulated 
conditions gives one confidence that this class of compact device can potentially function 
under a variety of industrial and in-service environments. Beyond its auto-compensation 
capability, additional studies are presently being pursued [10] to optimize both the 
bandwidth and the sensitivity of the basic photo-emf detector, so that its baseline 
performance can be competitive with conventional laser-based sensors. 
THE PHOTO-EMF DETECTOR 
The basic mechanism that underlies our detector is the so-called nonsteady-state 
photo-induced electromotive force (photo-emf) effect [3,4]. Key features of the photo-emf 
effect - which is typically observed in semiconductors (e.g., GaAs) - are that it can 
coherently sense ultrasound remotely [5] over a large fractional bandwidth and, at the same 
time, compensate for low-frequency temporal and spatial optical distortions (over free-
space or multimode optical fiber links), such as speckle, whole-body vibrations, relative 
platform motion, and beam wander. The operational steps in the detection process are all 
accomplished in a single semiconductor element (without servo-loop or post-processing 
tracking control), including coherent detection and distortion compensation. Figure 1 
shows a diagram of the photo-emf sensor, along with its operating principle. The sensor 
functions by generating a dynamic photocurrent in response to a laterally moving optical 
pattern. A trans impedance amplifier can then sense this time-varying photo-induced current 
flow (typically, in the range of tens of nanoamps). In our case, the optical pattern consists 
of a set of interference fringes created by the interference of a probe beam (scattered by the 
workpiece) with a coherent reference beam. In the presence of these fringes, internal (yet, 
refreshable) space-charge fields are formed within the crystal. These internal electric fields 
result from photocarriers (generated in regions of constructive optical interference) that 
diffuse and are subsequently trapped in dark regions within the crystal (viz., destructive 
interference regions). Once the space charge fields are formed, a transient or, rapid, lateral 
motion of the optical fringe pattern across the detector element (over a time scale faster than 
the space-charge-field formation time) will liberate new photocarriers. Under the influence 
of the internal space-charge field, these photocarriers will experience a net Coulomb force 
toward one of the electrodes. The measured [10] responsivity of the photo-emf detector is 
on the order of 10-4 to 10-6 amp/watt of absorbed optical power, and its sensitivity was 
measured to be on the order of 10-4 A~(WlHz) over a 80 MHz bandwidth, with good 
linearity over typical LBU-induced surface displacements, and with a fractional bandwidth 
> 99%. Since the noise in our receiver was dominated by electronic noise, we emphasize 
that this sensitivity value is not a fundamental quantity. We note that the shot-noise-limited 
sensitivity is predicted [4] to be within a factor of 4~2 of an ideal (i.e., a single-speckle and 
perfectly wavefront-matched) coherent homodyne detector. Of course, the ability of the 
photo-emf detector to function in the presence of highly speckled input laser beams 
represents a key enabler for its implementation. 
We note that the space-charge field can reconfigure itself to match that of an arbitrarily 
shaped, highly complex input optical pattern to the crystal, even if its features are 
nonparallel, discontinuous (e.g., speckle), or slowly varying in time. This follows, since 
within the crystal, the liberated charge carriers merely migrate to regions of darkness where 
they are trapped. Hence, the global optical pattern need not be highly regular or symmetric. 
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Figure 1. Basic photo-emf mechanism. A rapidly moving lateral optical pattern can induce a 
corresponding photocurrent in the crystal, in the presence of a space-charge field. 
In this respect, the detector is "adaptive," in that it can form a spatially matched 
filter in response to an incident, arbitrary optical pattern. In any case, once configured, a 
transient lateral motion of the complex optical pattern will generate an output photocurrent. 
The lateral motion can be the result of a small phase shift imposed onto the probe beam by 
an ultrasonically induced surface displacement on a workpiece or a transient surface motion 
of a speckle pattern (e.g., a surface-wave-induced lateral shift). The sensor thus generates 
an output current in direct response to the ultrasonic transient. On the other hand, slow-
varying phase shifts (which are undesirable in general), are tracked out, since the internal 
space-charge fields within the semiconductor can reconfigure themselves to these motions 
fast enough and, therefore, can track these relatively slowly varying changes (in the range 
of DC to > 10kHz). The compensation tracking speed is dependent, in part, on the local 
laser intensity at the detector element. Moreover, by virtue of the 90° shift of the space-
charge fields relative to the optical interference pattern, the system is, in essence, 
continually operating in quadrature, in a coherent detection sense. Therefore, no electronic 
tracking post-processing is required, nor is a servo-controller required to maintain optimal 
quadrature biasing of the coherent detection system - both functions are performed 
automatically by virtue of the nonlinear optical mechanism inherent in the photo-emf 
element. In this respect, one can categorize this detector as an example of a more general 
class of so-called "adaptive photodetectors," which provide coherent detection capabilities 
in the face of dynamic optical distortions of the interacting beams. We note that other 
classes of adaptive photodetectors have been demonstrated for use as LBU receiver 
elements, including double-pumped phase-conjugate mirrors [11,12,13] and 
photorefractive two-wave mixing schemes [14,15], both of which also employ nonlinear 
optical techniques to compensate for single-pass optical phase noise, such as speckle and 
beam wander. These approaches differ from the photo-emf scheme, in that they perform 
only the beam clean-up and/or wavefront-matching operations and, therefore, require a 
subsequent coherent-detection stage. The photo-emf approach, on the other hand, 
combines the wavefront compensation and photodetection steps into a single semiconductor 
element. System tradeoffs among these and more conventional LBU approaches include 
sensitivity, field-of-view, bandwidth, compensation capability, robustness, and cost. 
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EXPERJMENT AL APPARATUS FOR CALIBRATED MEASUREMENTS 
In this section, we describe an interferometric testbed used to determine the sensitivity 
and linearity of our detector, as well as its ultrasonic signal response in the face of 
simulated whole-body motion of a workpiece. The basic testbed is shown in Figure 2, and 
consists of an argon-ion laser as a source (at a wavelength of 514.5 nm), and a pair of 
reference-beam interferometers, with an electro-optic (E-O) phase modulator crystal in the 
path of a common signal beam. Spatial filters and expanding telescopes were used to assure 
that planar optical wavefronts with uniform intensities were incident onto the various 
photodetector elements under test. The E-O modulator in the system is used to simulate an 
ultrasonic signal, and is typically driven with a low-voltage frequency generator to realize 
an equivalent surface displacement on the order of < 1 nm to > 10 nm (corresponding to a 
respective optical phase shift of < 0.001 waves to > 0.01 waves). The E-O modulator is 
driven at frequencies in the range of < 1 MHz to > 100 MHz, which is typical of laser-
based ultrasonic waves employed in industrial applications. One of the two interferometers 
is arranged in a Mach-Zehnder configuration, with a conventional high-speed photodetector 
to detect its output, and is used for purposes of establishing an absolute calibration of the 
time-varying phase-shift imposed by the E-O modulator onto the signal beam. A PZT-
driven mirror in one of its legs is used to maintain quadrature so that operation is assured to 
be in the linear regime (recall, that the photo-emf detector maintains quadrature 
automatically). The second interferometer is arranged so that the two coherent beams can be 
incident onto a photo-emf detector at a variety of angles, thereby enabling us to establish its 
field-of-view and optimal operating bias angle (or, equivalently, grating period), for 
maximum detector response. Typically, the optimal grating period (A = 2nd) is dependent 
on the carrier diffusion length (d), which is in the range of 50 /lm for undoped GaAs (d '" 
12 /lm). This fringe spacing corresponds to an angle of incidence on the order of 0.5°. The 
photo-emf interferometer is also configured with a pair of acousto-optic (A-O) modulators, 
one in each of its legs. Each A-O modulator is driven at a frequency of nominally 40 MHz. 
The purpose of these A-O modulators is to generate a well-defined and controllable 
frequency difference between the pair of incident laser beams onto the photo-emf element, 
in the range of < 100 kHz to > 10 MHz. The relative frequency offset amongst these two 
beams results in an optical fringe pattem that moves laterally and continuously across the 
photo-emf element at a constant speed. The frequency offset is equivalent to a relative 
Doppler shift imposed onto one of the two beams. This Doppler shift therefore simulates 
longitudinal whole-body motion of a workpiece along the direction of the probe beam 
(relative to a fixed reference beam) in the range of about 25 cm/sec for a 1 MHz offset, at a 
wavelength of 514.5 nm. In the presence of the E-O signal, the resultant optical pattern 
undergoes a sinusoidal 'jitter-like" perturbation as it moves across the face of the detector. 
The jitter is a very small fraction of a grating period, given the low-amplitude signal placed 
across the E-O crystal. The overall interferometer system therefore simulates an ultrasonic 
signal (the jitter in the fringes) in the presence of whole-body motion (the running 
component of the fringe pattern), the combination of which is typical in an industrial or in-
service scenario. 
PHOTO-EMF RESPONSE TO A CALIBRATED ULTRASOUND SIGNAL IN THE 
PRESENCE OF OUT-OF-PLANE (LONGITUDINAL) WHOLE-BODY MOTION 
We first studied the ability of the photo-emf detector to sense ultrasound (the desired 
signal) in the presence of an equivalent longitudinal whole-body motion (undesirable 
industrial noise), with both displacements normal to surface of a workpiece. In these 
experiments, we simulated both of these displacement components using E-O and A-O 
modulators, respectively, thereby enabling us to quantify the performance of the photo-emf 
detector. Since both of the equivalent surface displacements are normal to the surface of a 
workpiece, the temporal information imposed onto a probe beam by the signal, as well as 
that of the "noise" source, are both additive. In an optical sense, the probe beam is phase-
modulated with both the desired ultrasound information, as well as the whole-body motion. 
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Figure 2. Experimental reference-beam interferometric testbed with in situ calibration to 
evaluate the performance of a photo-emf sensor, under the influence of a simultaneous 
dynamic optical phase shift and relative frequency shift amongst the incident beams. 
This situation is not uncommon in an industrial scenario where an in situ 
measurement is desired. In an industrial environment, a workpiece may undergo thermal 
and/or machine-induced vibrations as high as 100 /lm of normal displacement, over a I 
kHz bandwidth - corresponding to a relative longitudinal platform motion on the order 
of lO cm/sec. Hence, conventional LBU receivers would require post-processing networks 
and algorithms to track out these global noise sources. Moreover, from a coherent detection 
perspective, one must maintain a quadrature condition between the probe and reference 
beams for optimal sensitivity. Given the large whole-body displacements (relative to a 
wavelength of light), this condition places even more stringent demands on the receiver. It 
turns out that the photo-emf detector can, subject to its space-charge field reconfiguration 
time, track out these whole-body phase drifts and, at the same time, reveal the desired 
ultrasound signal. 
Using the apparatus shown in Figure 2, we performed a set of experiments with both 
the E-O and A-O modulators functioning simultaneously. For this experiment, we used an 
argon-ion laser as the source, with an incident intensity of about 8.25 Wlcm2 on the photo-
emf detector. In Figure 3, we show a typical result of this measurement. In the plot, we 
show the photo-emf output (dots) in response to a sinusoidal E-O modulation frequency of 
I MHz versus the frequency difference of the A-O modulator pair. The E-O modulator was 
driven at a voltage that corresponds to an equivalent ultrasonic surface displacement of '" 1 0 
nm. As shown in the figure, the response of the photo-emf detector to the periodic E-O 
signal at I MHz (which simulates a desired ultrasound signal) drops by lie at a difference 
frequency of 700 kHz in the A-O modulators. The solid curve is an exponential fit to the 
data, with a decay constant of 0.7 MHz. This frequency difference corresponds to a 
workpiece motion of about 20 cm/sec in the direction of the probe beam. This result 
demonstrates the ability of the photo-emf detector to adaptively compensate for relative 
platform motion (for speeds up to 20 cm/sec under our conditions), which is greater than 
the rather demanding case of mechanical noise discussed above. The compensation speed 
can be further increased through the use of higher incident optical intensities at the detector 
(resulting in faster space-charge build-up time, or, equivalently, to a greater dielectric 
relaxation rate in the material) as well as via defect doping of the crystal to realize faster 
carrier recombination times. We note that the resonantly enhanced photo-emf output feature 
at an A-O difference frequency that corresponds to the E-O frequency is a topic of current 
investigation, and appears to be of no practical consequence, given its high frequency. 
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Figure 3. Plot of photo-emf output (at 1 MHz) as a function of the frequency difference of 
the incident optical beams, in the presence of a sinusoidal phase shift of 1 MHz imposed 
onto one of the input beams. Doppler shifts below 0.7 MHz are adaptively compensated by 
the redistribution of space-charge fields in the device, allowing for unhampered homodyne 
detection of the 1 MHz signal. 
PHOTO-EMF RESPONSE TO A LBU SIGNAL IN THE PRESENCE OF 
IN-PLANE (TRANSVERSE) WHOLE-BODY MOTION 
In this section, we briefly review a LBU experiment that we performed which 
demonstrated that a photo-emf detector can detect ultrasound in the presence of a rapidly 
(transversely) moving, rough-cut metal plate. This situation is an example of noise in the 
plane of the workpiece, in contrast to the previous experiment, which involved 
(longitudinal) noise out of (or, normal to) the plane of the workpiece. The basic system is 
shown in Figure 4, and consists of a workpiece using a steel plate attached to a shaft of a 
motor. A pulsed Nd: Y AG Q-switched laser was used to generate ultrasound in the sample 
via the ablative mode. The laser operated at a wavelength of 1.06/lm (at about 100 mJ per 
pulse, with a 7 nsec pulsewidth), on a single-shot basis, and was mildly focused onto the 
workpiece ('" 1 mm).1t is estimated that the LBU-induced peak surface displacement was 
about 10 nm under these conditions. A continuously operating (cw) diode-pumped, 
frequency-doubled Nd:YAG laser was used as a probe beam (532 nm, 200 mW), and was 
focused to about a 100 /lm spot on the part. An optical system was used to collect the 
scattered probe light from the metal plate and relay it to our photo-emf detector. The photo-
emf-based receiver system was configured as a reference-beam interferometer, with about 
40 m W of total optical power incident on an active GaAs detector area of about 2 mm by 2 
mm. The tangential speed of the plate at the laser interrogation location was about 400 feet 
per minute ('" 2 m1sec). At this speed, it was estimated that new speckle realization patterns 
at the detector surface translated across its active area at a rate of about 10 kHz. Figure 5 
shows A-scan results of this demonstration, indicating that LBU measurements of the 
ultrasonically induced displacement in the case of a stationary plate (Figure 5a) have about 
the same signal-to-noise as that obtained in the case of a rapidly moving plate (Figure 5b). 
Note that in both cases, single-shot measurements were made. We also demonstrated that 
this system can remotely determine the thickness of a plate in real-time on a single-shot 
basis, with varying thickness regions around its surface, using a simple time-of-flight 
algorithm for the ultrasound arrival. These results demonstrate the adaptive nature of the 
photo-emf sensor to sense ultrasound even in the presence of rapid in-plane motion of a 
highly-speckled distorted probe beam - all using a single interrogation laser pulse. 
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Figure 4. Apparatus for photo-emf detection of ultrasound from a rapidly moving plate. 
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Figure 5. A-scan results of a single-shot LBU experiment using the apparatus of Figure 4. 
Figure Sa: Stationary-plate data; Figure 5b: Moving-plate (at 400 feet/minute) data. 
CONCLUSION 
We have shown the ability of a photo-emf detector to sense ultrasound in real-time 
from rough-cut workpieces, as well as using a calibrated interferometric testbed apparatus. 
The detector was exposed to a typical ultrasonic signal, while being subjected to two 
different classes of noise sources. In one case, the noise was in the form of an equivalent 
longitudinal motion of a workpiece normal to its surface, which we referred to as out-of-
plane motion. Using this system, the desired signal was detected in the presence of an 
equivalent workpiece motion in excess of 20 cm/sec along the same direction as the 
ultrasonic surface displacement. In the second case, the noise was in the form of a 
transversely moving plate (parallel to its surface) at a speed of 2 m/sec, resulting in a 
rapidly moving speckle noise pattern across the aperture of the photo-emf detector, which 
was equivalent to a 10 kHz turbulent and dynamic optical distortion. In both cases, the 
photo-emf detector was capable of sensing the desired ultrasound in real-time, without the 
need for electronic tracking or post-processing. The ultrasonic detection capability and the 
phase noise compensation speed (both of which are intensity dependent) are realized within 
a single crystal of GaAs via the nonlinear optical photo-emf mechanism. Studies are 
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currently in progress to optimize the performance parameters of the sensor [10] -
including its sensitivity, responsivity, bandwidth, compensation speed and field-of-view 
- both in terms of its fundamental material properties, as well as with respect to its 
electronic packaging and hybridization (to minimize stray impedances), so that a low-cost, 
robust detector can be realized. 
ACKNOWLEDGMENTS 
The authors wish to thank R.V. Harold, D. Bohmeyer, and R.A Cronkite for their 
expert technical assistance with the experiments. This work was supported in part by 
Hughes Research Laboratories independent research and development funding and by 
DARPA under the Advanced Materials Partnership Program, Agreement #F33615-95-2-
5245, and under the Precision Laser Machining Program, Contract #MDA 972-94-3-0020. 
REFERENCES 
1. C. Scruby and L. Drain, Laser Ultrasonics: Techniques and Applications, (Adam 
Hilgar, Bristol, 1990). 
2. I.-P. Monchalin, IEEE UFFC-33, 485 (1986); I.-P. Monchalin, Rev. of Prog. in 
Quant. Nondest. Eval., Vol. 12, D.O. Thompson and D. Chimenti, Eds. (Plenum 
Press, New York, 1993), pp. 495-506. 
3. M.P. Petrov, S.1. Stepanov, and G.S. Trofimov, Sov. Tech. Phys. Lett. 12, 379 
(1986); I.A. Sokolov and S.I. Stepanov, I. Opt. Soc. Am. BI0, 1483 (1993). 
4. S.I. Stepanov, Appl. Opt. 33,915 (1994). 
5. David M. Pepper, GJ. Dunning, P.V. Mitchell, S.W. McCahon, M.B. Klein, and 
T.R. O'Meara, "Materials inspection and process control using compensated laser 
ultrasound evaluation (CLUETM): demonstration of a low-cost laser ultrasonic 
sensor," Proc. SPIE 2703 (1996), pp. 91-102. 
6. GJ. Dunning, D.M. Pepper, M.P. Chiao, P.V. Mitchell, and, T.R. O'Meara, 
"Compensated Laser-Based Ultrasonic Receiver for Industrial Applications," 
Nondestructive Characterization of Materials VIII, 1997, to be published. 
7. D.M. Pepper, GJ. Dunning, M.P. Chiao, T.R. O'Meara, and P.V. Mitchell, 
"Inspection of flip-chip epoxy underfill in microelectronic assemblies using laser-
based ultrasonic receivers," Rev. of Prog. in Quant. Nondestructive Eval., Vol. 17, 
elsewhere in these Proceedings. 
8. G.J. Dunning, D.M. Pepper, M.P. Chiao, P.V. Mitchell, I.W. Wagner, and F.M. 
Davidson, Rev. of Prog. in Quant. Nondestructive Eval., Vol. 16, D.O. Thompson 
and D.E. Chimenti, Eds. (Plenum, New York, 1997),579. 
9. D.M. Pepper, T.R. O'Meara, and G.J. Dunning, "A new concept for a laser-based 
ultrasonic phased array receiver using photo-emf detection," Rev. of Prog. in Quant. 
Nondestructive Eval., Vol. 17, elsewhere in these Proceedings. 
10. GJ. Dunning, D.M. Pepper, M.P. Chiao, P.V. Mitchell, and F.M. Davidson, 
"Optimizing the photo-emf response for high-speed compensation and broadband 
laser-based ultrasonic remote sensing," Nondestructive Characterization of Materials 
VIII, 1997, to be published. 
11. D.M. Pepper, P.V. Mitchell, GJ. Dunning, S.W. McCahon, M.B. Klein, and T.R. 
O'Meara, "Double-pumped conjugators and photo-induced emf sensors: Two novel, 
high-bandwidth, auto-compensating, laser-based ultrasound detectors," 
Nondestructive Characterization of Materials VII, AL. Bartos, R.E. Green Jr., and 
C.O. Rudd, Eds., Transtec Publications, Switzerland, 1996. See also, Materials 
Science Forum, Vols. 210-213 (1996), pp. 425-432. 
12. P. Delaye, A Blouin, D. Drolet, and J.-P. Monchalin, Appl. Phys. Lett. 67, 3251 
(1995). 
13. H. Nakano, Y. Matsuda, S. Shin, and S. Nagai, Ultrasonics 33, 261 (1995). 
14. A Blouin and I.-P. Monchalin, Appl. Phys. Lett. 65,932 (1994) and refs. therein. 
15. P. Delaye, A Blouin, D. Drolet, L.-A deMontrnorillon, G. Roosen, and J.-P. 
Monchalin, J. Opt. Soc. Am. B14, July 1997. 
634 
